The signaling capacity of traces on the popular PCB dielectric.material FR4 is under-utilized today by at least one order of magnitude through the choice of pre-coding, pulseshaping, equalization, and receiver architecture. This paper determines the channel capacity of FX4 traces of various length in the presence of noise and crosstalk, and explores capacity limits based on signaling schemes such as 4-level PAM.
INTRODUCTION
Signaling rates between chips on printed circuit boards (PCB) have increased rapidly in recent years. 3.6 Gblslpin and 5 Gb/s/pin implementations have been reported in [I]
and [2] , respectively, using basic communication techniques such as pulse shaping in the form of slew-rate control. Higher signaling rates can be achieved at the expense of more sophisticated signaling techniques. This paper examines the limits of signaling on PCB traces using Shannon's capacity theorem and the waterpouring method [3] using realistic assumptions of noise and crosstalk in such systems and physical characteristics of the traces [4] for the dielectric material FR4. Section 3 shows that this capacity exceeds 100 Gb/s for a 25 cm-long trace using a 1oOmV transmitted signal. Section 4 shows how this capacity is under-utilized in today's implementations and offers insight into areas where more efficient techniques can be used.
CHANNEL CAPACITY
The ,channel capacity defines an upper bound on the information rate that can be reliably transmitted through the channel, a PCB trace in this case. This rate is a function of three parameters in the system model, as illustrated in sandwiched between two reference planes is defined as a stripline, and produces similar results for H ( f ) . Striplines, however, do not suffer from far-end crosstalk, an important property that will be shown to he beneficial to channel capacity.
The simulated channel transfer functions H ( f ) are shown in Figure 3 and indicate that current signaling rates are already exceeding the bandwidth of longer traces. These bandwidth limitations motivate the investigation of the channel capacity.
Next, we determine S,(f). There are two dominant sources that contribute to the total noise: thermal noise and shot noise.
First, thermal noise is modeled as a white Gaussian noise source with an RMS voltage of
in which k , is a constant ( in which q is the charge of an electron ( 1 . 6~1 0 -'~ C), / is the current in Amps, and B is the system bandwidth in Hertz. For a typical value of 10 mA of current and over 10 GHz of bandwidth the shot noise is 5.66 PA, which induces 283 WV across a 50Q impedance. Therefore, assuming white shot noise SJf) = 7.96 x WiHz.
We now use H ( f ) and S n ( f ) as derived above to calculate the channel capacity for a number of PCB traces with different lengths.
EVALUATION OF CAPACITY LIMITS
This section investigates the channel capacity of traces with and without the influence of crosstalk from neighbouring traces. These capacity curves have been computed using the waterpouring method and assume that the transmit power spectral density, S,(f), in each case is chosen in a way that maximizes the channel capacity. The bandwidth required by SJf) is shown in Figure 5 . Note that the longer traces require less bandwidth for the same capacity due to the inefficiency of putting signal power into the highly attenuated higher frequencies. 
CROSSTALK-FREE CAPACITY
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Figure 5.Bandwidth required to achieve capacity shown in Figure 4 .
CAPACITY IN PRESENCE OF CROSSTALK
When crosstalk is the dominant noise in the system, which is often the case in microstrip lines, the channel capacity is independent of transmit PSD, S,(f), and is given by [6] : 3.2 years in which H c h n n ( f ) and H,,,,,Jf) are channel and crosstalk frequency responses and F is the frequency range in which power is transmitted. Figure 6 shows the crosstalk-limited channel capacities for different channel lengths. Note that since the capacity is independent of S , ( f ) , the x-axis is bandwidth, not transmit RMS voltage. Figure 6 shows that the capacity of microstrips approaches a limit, regardless of the bandwidth or transmit voltage. This demonstrates the necessity of using striplines for long PCB traces in a crosstalk environment since they are immune to far-end crosstalk.
PAM SIGNALING
The channel capacities derived up to this point require a complex signaling scheme, resulting in a complex transceiver implementation. The practical limitations in high-speed signaling dictate a simple implementation such as pulse amplitude modulation (PAM), typically with 2, 4. or 8 levels.
It is also useful to find the capacity limits of this method of signaling.
